Background {#s1}
==========

Natural killer (NK) cells are a type of immune cell possessing cytolytic abilities independent of antigen stimulation.[@R1] NK cells play an important role in the anticancer response[@R2] and favorable prognosis has been correlated with increased tumor NK cell infiltration and function.[@R2] NK cells recognize target cells through lack of major histocompatibility complex class I, which is often downregulated by tumors.[@R4] After ligation of activating receptors such as NKG2D, NK cells kill target cells through release of perforin and granzyme granules.[@R5] NK cells can also recognize target cells through antibody-dependent cellular cytotoxicity (ADCC), when NK CD16 binds to the Fc region of immunoglobulins bound to target cells and leads to NK cell degranulation and target lysis.[@R6] In humans, it has been noted that patients with the V/V polymorphism at position 158 of CD16 had greater responses to therapies using monoclonal antibodies (mAbs), suggesting enhanced binding to IgG1 and therefore greater ADCC.[@R7]

While NK cells can be effective against tumor cells, the tumor microenvironment (TME) is suppressive to NK cells. Tumors often have very low (\<0.1%) levels of oxygen perfusion[@R10] due to increased cellular demands as well as abnormal vasculature.[@R11] NK cytolytic function has been previously shown to be impaired under hypoxic conditions,[@R12] suggesting that when NK cells infiltrate a tumor their function is likely diminished.

Interleukin 2 (IL-2) is critical to NK activation and function[@R14] and can rejuvenate exhausted NK cells.[@R15] IL-2 has also been shown to overcome hypoxia-induced NK impairment.[@R13] However, recombinant IL-2 given systemically to patients with cancer can result in significant toxicity and may not be clinically feasible for most tumor types.[@R16]

We have previously extensively described the clinical potential of high affinity NK (haNK) cells.[@R17] These cells are based on NK-92 (non-Hodgkin's lymphoma) engineered to express high avidity CD16 (V158) for increased ADCC activity and IL-2 for an internal autocrine loop. In addition, these cells do not express the inhibitor molecule killer immunoglobulin receptor. haNK cells can be grown in large numbers for adoptive transfer (post 10 Gy irradiation) and are a potential universal therapy as no recipient matching is required. haNK cells are currently in clinical trials for pancreatic cancer (NCT03586869, NCT03387098, NCT03329248), triple negative breast cancer (NCT03387085), squamous cell carcinoma (NCT03387111) and metastatic colorectal cancer (NCT03563157) with promising clinical results.[@R22]

While haNK cells are a promising treatment, their function under hypoxic conditions (and thus in the TME) remains to be determined. In the present study, we investigated the effects of normoxia (20% oxygen) and hypoxia (0% oxygen) on healthy donor (HD) NK cells as well as haNK cells. Here for the first time, we show that haNK cells maintain NK killing, ADCC and serial killing[@R21] under hypoxia while HD NK cells and NK cells from patients with cancer were significantly inhibited under these conditions. The mechanism for haNK cell resistance to hypoxia appears to be IL-2-mediated prevention of signal transducer and activator of transcription 3 (STAT3) activation in haNK cells, preserving their function under hypoxia.

Methods {#s2}
=======

Tumor cell lines {#s2-1}
----------------

Human prostate cancer (PC3) cells were grown in FK-12 media, human lung cancer (H460) cells were grown in Roswell Park Memorial Institute (RPMI) and human breast cancer (MCF-7) cells were grown in Dulbecco's Modified Eagle Medium with 2.5 µg/mL insulin. All media was supplemented with 10% fetal bovine serum, 2 mM glutamine, 0.1 mM sodium pyruvate, 1 mM HEPES, 0.1 mM non-essential amino acids, 1× penicillin/streptomycin and 50 µg/mL gentamicin sulfate. All cell lines were obtained from American Type Culture Collection, mycoplasma-free, used at low passage numbers and cultured at 37°C with 5% CO~2~.

NK cell preparation {#s2-2}
-------------------

Blood samples were obtained from normal HDs and processed as previously described.[@R25] Briefly, blood was washed and frozen at a concentration of 5×10^7^ cells/mL with fetal bovine serum (Atlanta Biologicals) containing 10% dimethyl sulfoxide. NK cells were isolated using the Human NK Cell Isolation (negative selection) Kit (130-092-657 Miltenyi Biotech), according to the manufacturer's protocol. Purified NK cells were incubated overnight in RPMI-1640 medium (Mediatech) containing the supplements listed above. NK cells were de-identified and assigned NIH internal donor numbers. HD NK cells were designed HD\*\*\*, where \*\*\* is the NIH internal donor number. NK cells from patients with cancer were obtained in a similar manner and depicted as CP\*\*\*, where \*\*\* is the NIH internal donor number.

**haNK cells**

haNK cells are an NK cell line, NK-92, which expresses IL-2 and the high affinity (V) CD16 allele, as previously described.[@R20] haNK cells were supplied by NantBioScience (Culver City, California, USA) through a Cooperative Research and Development Agreement with the National Cancer Institute and cultured at a concentration of 5×10^5^ cells/mL in X-Vivo-10 medium (Lonza) supplemented with 5% heat-inactivated human AB serum (Omega Scientific).

**Immunofluorescence staining**

haNK and HD NK cells were divided into two T-25 flasks for each oxygen condition (normoxia at 20% and hypoxia at 0% O~2~). For pimonidazole staining, cells in each flask were incubated with 100 μM pimonidazole. Cells in the 0% O~2~ group were placed in the hypoxia chamber with oxygen sensor and flushed with 0% O~2~ for 7 min, tubes were clamped and the chamber was placed back into the incubator in standard culture conditions with the 20% O~2~ group. The hypoxia chamber was flushed every 2 hours and placed back into the incubator. After 5 hours, flasks were removed from their O~2~ conditions, counted and adjusted to 5×10^6^ cells per mL in PBS; 100 µL of cells were added to Cell-Tak-treated slides (100 µL/section) and allowed to incubate at room temperature (RT) for 20 min. Slides were tilted to remove excess cell suspension and were immediately fixed with 3% paraformaldehyde (100 µL) for 20 min and washed with PBS. Fixed slides were stored overnight at 4°C in PBS. Cells were permeabilized with 0.05% Triton X-100 for 20 min at RT and then washed three times for 5 min each with PBS. Cells were then blocked with 3% PBS/bovine serum albumin (BSA) for 30 min and washed with PBS. For pimonidazole staining, the hypoxyprobe fluorescein isothiocyanate-labeled antibody (Hypoxyprobe-Green Kit, Hypoxyprobe) was added (5 µL/mL in 3% PBS/BSA) for 45 min. For perforin staining, the primary antiperforin (eBiosciences) or isotype antibodies were diluted 1:250 in 3% PBS/BSA and added 3 hours, then washed with PBS. The secondary antibody (antimouse Alexa fluor 488) was diluted 1:1000, added to cells for 45 min in the dark, then washed three times for 5 min each with PBS; 30 µL antifade+DAPI was added to each section for mounting each coverslip. Slides were allowed to dry completely and stored away from light before analysis. Image quantification was assessed by ImageJ.[@R26]

**Flow cytometry**

haNK cells were incubated in 20% or 0% O~2~ as described above. After 5 hours, cells were harvested, washed with FACS buffer (PBS+1% BSA) and counted. Human Fc block (BD Pharmingen, catalog \#564219) was added to 1×10^6^ cells and incubated for 10 min on ice. Cells were stained with PE-labeled antibodies (listed in [online supplementary table S1](#SP1){ref-type="supplementary-material"}), fixed with Becton Dickinson (BD) Cytofix (catalog \#554655) and analyzed with the BD FACSCalibur. Each sample was gated on an isotype used on the same cells under the same conditions.
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**Western analysis**

haNK cells were incubated in 20% or 0% O~2~ as described above. After 5 hours, cells were lysed using Cell Lysis Buffer (catalog \#9803; Cell Signaling Technology). Phenylmethane sulfonyl fluoride (PMSF) (1 mM; Cell Signaling Technology) and Halt protease/phosphatase inhibitor cocktail (10 µL; Santa Cruz Biotechnology) were added to cells which were then incubated on ice for 10 min before vortexing and centrifugation for 10 min at 14,000 × g; 60 µg protein was added to Bolt 4%--12% Bis-Tris Gels and run with Bolt MES SDS running buffer (Invitrogen). Samples were transferred to a nitrocellulose membrane using the iBlot system (Invitrogen). Blots were probed with anti-IL-2 (catalog \#12 239S; Cell Signaling Technology) at a 1:1000 dilution or anti-β-actin (catalog \#3700S; Cell Signaling Technology) at a 1:1000 dilution. Secondary antibodies were used at a 1:10 000 dilution. Images were quantified using ImageJ.[@R27] Capillary western blot analysis for phospho (Y705)-STAT3 was performed by the NIH Collaborative Protein Technology Resource. Briefly, samples were prepared in the same manner as described above and 20--40 ng protein was loaded into capillaries. After separation, proteins were immobilized with UV light and capillaries were probed for proteins of interest. A chemiluminescent reaction was captured, and a digital image was created and quantified.

Human IL-2 ELISA {#s2-3}
----------------

Supernatant media was taken from haNK cells incubated at 20% or 0% O~2~ and analyzed with the Abcam high sensitivity human IL-2 ELISA kit (\#ab46054; Cambridge, Massachusetts, USA) according to the manufacturer's instructions. Sensitivity was \<0.97 pg/mL, standard range was 1.87--60 pg/mL.

NK lysis assays {#s2-4}
---------------

Tumor cell lines were harvested with trypsin, washed, counted and adjusted to appropriate concentrations; 2×10^5^ total cells were labeled with 20 µL/mL of ^111^In at 37°C for 25 min. Cells were washed and plated with haNK or HD NK cells at a 20:1 effector to target (E:T) ratio and incubated at 20% or 0% O~2~ as described above. After 5 hours, supernatant media was assayed for ^111^In and used to calculate per cent lysis based on the formula: per cent lysis=((actual ^111^In--spontaneous ^111^In release)/(maximum ^111^In--spontaneous ^111^In release))×100. Spontaneous release was determined by incubating ^111^In-labeled cells without effectors (haNK or HD NK). Maximum release was calculated by lysing labeled cells with 2% Triton X-100. To calculate serial killing, multiple E:T ratios were plated and killing frequency was calculated as: killing frequency=\# killed targets/\# effectors cells plated (as previously described[@R15]).

**RNAseq**

haNK and HD NK cells were incubated for 5 hours at 37°C under 20% and 0% O~2~. Cells were harvested, washed and RNA was isolated using the Qiagen RNeasy Mini Kit (Qiagen, catalog \#74104) according to the manufacturer's instructions. Purified RNA was stored at −80°C until analysis. RNA was sent to NantOmics sequencing facility (Culver City). RNAseq libraries were prepared using the KAPA Stranded RNA-Seq Kit with RiboErase (Kapa Biosystems) and sequenced to a target depth of 200M reads on the Illumina HiSeq platform (Illumina). Samples were aligned to RefSeq build 73 transcriptomes using Bowtie2 V.2.2.6 and quantified using RSEM V.1.2.25 to transcripts per million. Downstream analysis was done in Python V.2.7.6 using numpy V.1.11.1, scipy V.0.17.1 and pandas V.0.18.1.

Proteomic analysis {#s2-5}
------------------

In haNK and HD NK cells cultured under 20% and 0% O~2~, 63 clinically validated protein biomarkers were simultaneously measured using selected reaction monitoring mass spectrometry as previously described.[@R28] Briefly, cells were solubilized to tryptic peptides using Liquid Tissue digestion. The total protein concentration of each peptide mixture was measured with a Micro BCA Assay Kit (Thermo Fisher Scientific, San Jose, California, USA). Quantitative proteomic analysis was performed with a TSQ Quantiva triple quadrupole mass spectrometer (Thermo Fisher Scientific) using stable isotope-labeled internal standard peptides for quantitation of target proteins. Each sample was run in triplicate and the %coefficients of variation calculated.

STRING analysis {#s2-6}
---------------

Protein interactions and predictions were created using STRING software.[@R29] Proteins identified in proteomic analysis were used as input and a STRING map was created with other associated proteins.

Statistics {#s2-7}
----------

Statistics were calculated using GraphPad Prism software (GraphPad, San Diego, California, USA) unless otherwise stated. Significant differences are denoted by an asterisk (\*) if p≤0.05.

Results {#s3}
=======

Induction of acute hypoxia of HD NK cells or haNK cells exposed to 0% oxygen {#s3-1}
----------------------------------------------------------------------------

Hypoxia is a common feature of tumors and has been demonstrated in most solid tumor types[@R11] and is often associated with poorer outcomes.[@R31] We sought to investigate the effects of hypoxia on HD NK and X-irradiated haNK cells by culturing them in either normoxic (20% oxygen) or hypoxic (0% oxygen) conditions for 5 hours. We first demonstrated hypoxic conditions through staining with pimonidazole, a marker of hypoxia ([figure 1A](#F1){ref-type="fig"}).[@R32] Healthy donor NK cells typically do not produce their own IL-2.[@R33] We examined endogenous IL-2 production from two healthy NK donors under normoxia or hypoxia by western blot analysis ([figure 1B](#F1){ref-type="fig"}) and ELISA ([figure 1C](#F1){ref-type="fig"}). There was no significant IL-2 produced from human NK cells in either condition. We also demonstrated no effect of acute (5 hours) hypoxia on endogenous expression of IL-2 by haNK cells through a western blot analysis ([figure 1B](#F1){ref-type="fig"}) and confirmed these findings by ELISA of culture medium ([figure 1C](#F1){ref-type="fig"}).

![Induction of acute hypoxia of healthy donor (HD) natural killer (NK) cells or high affinity NK (haNK) cells exposed to 0% oxygen. (A) HD NK cells or haNK cells were incubated in ambient (20%) oxygen or 0% oxygen in the presence of the hypoxia indicator pimonidazole for 5 hours at 37°C. Cells were stained for Hypoxyprobe (green, 63×), DAPI nuclear stain (blue) and visualized by microscopy. Insets: average pimonidazole positive staining cells positive per high power field; (right) secondary antibody control (40×); (B) haNK cells continue to produce endogenous interleukin (IL)-2 under hypoxic conditions. Cells were incubated in 20% oxygen or 0% oxygen for 5 hours at 37°C. IL-2 expression was assessed by western blot analysis and quantified using band densitometry analysis normalizing to GAPDH (inset panels), and (C) quantified by ELISA. This experiment was repeated three times with similar results.](jitc-2019-000246f01){#F1}

Acute hypoxia inhibits killing by HD NK cells while haNK cell function was preserved {#s3-2}
------------------------------------------------------------------------------------

Decreased NK function under hypoxic conditions has been previously reported.[@R13] There, the authors examined the function donor NK cells cultured at 21%, 1%, 0.2% and 0% concentrations of oxygen. The significant inhibition of NK function was seen at 1%. For our studies, we focused on the worst case possibility on NK function; a 0% oxygen environment. In order to investigate the function of HD NK as well as haNK cells under hypoxic conditions, prostate (PC3), breast (MCF-7) and lung (H460) human cancer cell lines were labeled with ^111^In and incubated with either HD NK or haNK cells in 20% or 0% oxygen for 5 hours at 37°C ([figure 2](#F2){ref-type="fig"}). As it had been previously demonstrated that pre-incubation of NK or target cells at 0% oxygen did not affect NK activity,[@R13] cells were not exposed to 0% oxygen before co-incubation. Under 0% oxygen, HD897 NK cells killing ability was decreased by 41% (p=0.02). HD836 NK cells displayed a 40% decrease (p=0.0008) and HD950 NK cells killing decreased by 58% (p=0.028). In contrast, haNK cells maintained killing ability under hypoxic conditions (p=0.39). Similar patterns were observed in MCF-7 and H460 cell lines. Additionally, HD NK killing was significantly decreased by 23% between 1% and 0% O~2~ in H460 cells (p=0.039, [figure 2](#F2){ref-type="fig"} inset). Although there is substantial variability among HD NK cells to kill prostate, breast and lung cancer tumor cells, an analysis of 13 independent donors indicated that 12 of 13 (92%) exhibited a significant loss of lytic capability after exposure to 0% oxygen ([online supplementary figure 1](#SP2){ref-type="supplementary-material"}).
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![Acute hypoxia inhibits killing by healthy donor (HD) natural killer (NK) but not high affinity NK (haNK) cells. Prostate (PC3), breast (MCF-7) and lung (H460) cancer cell lines were labeled with ^111^In and co-incubated with either of three HD (HD897, HD836, HD950) NK or haNK cells in 20% or 0% oxygen for 5 hours at 37°C. ^111^In release was measured and used to calculate per cent lysis of target cells. Inset: killing of H460 cells was done at 1% oxygen in addition to 20% and 0% oxygen. \*P≤0.05 using Student's t-test. This experiment was repeated two or more times with similar results. ns, not significant.](jitc-2019-000246f02){#F2}

Acute hypoxia inhibits ADCC in HD NK cells but not haNK cells {#s3-3}
-------------------------------------------------------------

It has been previously reported that hypoxia did not affect ADCC capabilities of human NK cells, which can be partially attributed to the fact that hypoxia did not affect CD16 protein expression.[@R34] To determine the effects of hypoxia on HD NK cells and haNK cells, ^111^In-labeled PC3, MCF-7 and H460 cells were incubated in 20% or 0% oxygen. ADCC was demonstrated using a human IgG1 against programmed death-ligand 1 (PD-L1) (avelumab 2 µg/mL). Confirming results from [figure 2](#F2){ref-type="fig"}, hypoxia significantly inhibited HD NK killing while haNK killing remained constant ([figure 3A](#F3){ref-type="fig"}). The addition of avelumab led to increased killing of PC3 through ADCC by HD and haNK compared with NK killing. Under normoxic conditions, NK cells from HD867 and HD950 killed at a higher level than haNK cells ([figure 3A](#F3){ref-type="fig"}). Compared with normoxia, hypoxia led to decreases in killing of 63% (p=0.005) and 90% (p\<0.0001) in HD867 and HD950, respectively. haNK cells did not show diminished ADCC capacity under hypoxic conditions (p=0.43). Additionally, ADCC was independent of CD16 polymorphism (F or V) as HD867 and HD950 NK cells killed at similar levels despite having different polymorphisms. Similar results were obtained in MCF-7 and H460 cells. Interestingly, haNK cell killing of certain tumor cells was lower than select HD NK cells, although HD NK cells are not being suggested as an adoptive cell therapy alternative to haNK cells. Importantly, when combined with a human IgG1 mAb to mediate ADCC, killing by haNK cells was superior to that of HD NK cells in all examined donors.

![Acute hypoxia inhibits antibody-dependent cellular cytotoxicity (ADCC) in healthy donor (HD) natural killer (NK) cells but not high affinity NK (haNK) cells. ^111^In-labeled prostate (PC3), breast (MCF-7) and lung (H460) cancer cell lines were incubated in 20% or 0% oxygen at 37°C with either HD (HD867 and HD950) NK cells or haNK cells. ADCC was demonstrated using an antiprogrammed death-ligand 1 (anti-PD-L1) antibody (avelumab, hIgG1, 2 µg/mL). After 5 hours, ^111^In was measured to determine per cent lysis of target cells. (A) Lysis and ADCC by HD NK and haNK cells. CD16 polymorphism is indicated for each donor. (B) Killing by NK cells from patients with cancer (CP1 and CP2). ADCC was determined using an anti-PD-L1 antibody (avelumab, hIgG1, 2 µg/mL) or an anti-EGFR antibody (cetuximab, hIgG1, 2 µg/mL). \*P≤0.05 using Student's t-test. ns, not significant.](jitc-2019-000246f03){#F3}

NK cells have been reported to have an exhausted phenotype in patients with cancer.[@R35] To determine if NK cells from patients with cancer displayed any altered NK killing ability, NK cells from pretreatment patients with cancer were used in the same assay described above using MCF-7 cells ([figure 3B](#F3){ref-type="fig"}). In addition to avelumab, a human IgG1 against EGFR (cetuximab) was used to demonstrate ADCC. Compared with 20% oxygen, under 0% oxygen CP1 NK killing ability was decreased by 37% (p=0.034). Furthermore, ADCC was decreased by 96% (p\>0.0001) and 92% (p=0.008) using avelumab and cetuximab, respectively. CP2 NK inhibition under 0% oxygen was comparable, with decreases in target lysis of 94% (p\<0.0001), 95% (p=0.0006) and 88% (p=0.0079) in baseline killing and ADCC with avelumab and cetuximab, respectively.

Perforin expression is maintained in haNK cells in response to acute hypoxia {#s3-4}
----------------------------------------------------------------------------

Previous reports on hypoxia-induced NK inhibition have suggested decreased expression of certain proteins important to NK function and killing as a possible mechanism.[@R13] There was also the possibility that hypoxia could modulate tumor cell phenotype to render the tumor more difficult to target by NK cells. To interrogate this possibility, HD NK and haNK cells as well as PC3, MCF-7 and H460 tumor cell lines were evaluated for protein expression by flow cytometry after 5 hours of exposure to 20% or 0% oxygen ([table 1](#T1){ref-type="table"}). PC3 cells increased MICA/B expression by 47%, MCF-7 increased CD112 expression by 39% and H460 cells increased B7-H6 expression by 43%; however, there was no consistent change among all three lines in proteins evaluated ([table 1](#T1){ref-type="table"}). For HD NK cells, it was notable that there was no significant loss of viability by incubating at 0% oxygen ([table 1](#T1){ref-type="table"}). HD NK cells displayed more uniform changes in gene expression with three donors tested showing decreases in expression of activating receptors NKG2D[@R37] and NKp44[@R38] as well as perforin, while haNK only showed a decrease in NKp44 expression but no change in the other proteins ([table 1](#T1){ref-type="table"}).

###### 

Surface expression, % positive cells (mean fluorescent intensity)

  A. Tumor cells                                                                                                   
  ---------------- ------ ------------ ------------ ----------- ----------- ------------ ------------ ------------ -----------
  PC3              20     97.5         94.5 (135)   28.8 (42)   2.6 (38)    9.1 (50)     97.1 (410)   93.1 (56)    97.0 (98)
  0                97.1   95.6 (141)   42.2 (45)    2.4 (63)    9.6 (42)    98.7 (425)   88.0 (50)    94.2 (57)    
  MCF-7            20     93.5         60.0 (63)    47.9 (55)   2.9 (42)    15.1 (48)    96.9 (154)   39.0 (101)   63.0 (52)
  0                92.6   50.9 (59)    49.9 (57)    2.5 (44)    24.9 (43)   96.5 (152)   43.1 (144)   60.1 (13)    
  H460             20     98.7         95.9 (115)   4.7 (23)    6.9 (20)    3.6 (27)     99.1 (226)   91.2 (47)    94.9 (44)
  0                98.2   94.2 (108)   5.6 (27)     12.1 (24)   3.3 (26)    99.6 (233)   96.4 (41)    92.6 (49)    

  B. NK cells                                                                                                                           
  ------------- ------ ---------------- ---------------- ---------------- ------------- ---------------- ------------- ---------------- -------------
  HD897         20     89.7             32.6 (440)       55.2 (82)        13.7 (95.5)   58.6 (126)       19.0 (69)     69.3 (1946)      17.4 (489)
  0             87.6   **25.0** (337)   63.8 (74)        **10.1** (141)   47.8 (97.3)   23.7 (70)        77.1 (1781)   **3.6 (764)**    
  HD836         20     93.2             15.5 (690)       69.5 (236)       20.3 (207)    39.0 (117)       19.3 (215)    99.0 (2716)      94.7 (1119)
  0             91.5   **9.9** (561)    **45.5** (162)   **2.1 (84)**     35.2 (84.0)   **12.1 (103)**   80.4 (2665)   **14.5 (309)**   
  HD950         20     91.1             9.2 (511)        68.9 (339)       25.4 (274)    53.0 (177)       22.7 (119)    91.5 (1101)      64.2 (276)
  0             90.6   **6.2** (458)    **53.6** (193)   **2.1 (119)**    46.5 (132)    **8.5** (160)    85.8 (787)    **51.4** (220)   
  haNK          20     90.7             22.1 (229)       58.7 (433)       2.5 (122)     3.1 (274)        59.3 (169)    99.2 (455)       55.6 (373)
  0             90.5   17.7 (208)       54.7 (403)       **1.8 (124)**    3.4 (183)     67.3 (200)       98.4 (486)    60.3 (629)       

Bold type indicates marked modulation (≥20% change in % positive cells or ≥50% change not observed in isotype control).

haNK, high affinity NK; NK, natural killer; PD-L1, programmed death-ligand 1.

As perforin is the principal mechanism by which NK cells kill,[@R39] we first confirmed that perforin expression was not modulated in haNK cells under hypoxia while HD NK cells experience a significant decrease in perforin levels ([figure 4A](#F4){ref-type="fig"}). Furthermore, immunofluorescent staining for perforin in HD NK and haNK cells revealed higher levels of perforin in haNK cells compared with HD NK cells and that these levels were not affected by hypoxia in haNK cells while staining decreased in HD NK cells ([figure 4B](#F4){ref-type="fig"}).

![Perforin expression is maintained in high affinity natural killer (haNK) cells in response to acute hypoxia. (A) Perforin expression as measured by flow cytometry in healthy donor (HD) NK and haNK cells incubated in 20% (gray) and 0% (blue) oxygen for 5 hours at 37°C. Inset: % positive cells (mean fluorescent intensity). (B) Cells were incubated as in (A) and perforin expression was measured by immunofluorescence (63×). Insets: average perforin positive staining cells positive per high power field; (right) secondary antibody control (40×). (C) ^111^In-labeled prostate (PC3) cells were co-incubated with HD NK or haNK cells at 37°C for 5 hours under 20% or 0% oxygen. Lysis of target (PC3) cells was determined and used to calculate killing frequency (killing frequency=\# target cells killed/\# effector cells plated), a measure of the serial killing ability of NK cells. Results are normalized to HD NK at 20% oxygen. \*P≤0.05 using Student's t-test. This experiment was repeated two times with similar results.](jitc-2019-000246f04){#F4}

NK cells become exhausted after perforin granule release and killing but are able to kill more than one cell before exhaustion occurs (serial killing).[@R15] As we have observed that perforin expression is unchanged in haNK cells with 0% oxygen, we next examined their serial killing ability under hypoxia ([figure 4C](#F4){ref-type="fig"}). HD NK serial killing was significantly decreased under hypoxia by 21% (p=0.015). The addition of cetuximab increased serial killing by sixfold at 20% oxygen compared with baseline NK serial killing and 0% oxygen brought serial killing down to levels similar to those without cetuximab. haNK cells displayed a 24.6-fold increase in serial killing compared with HD962 under normoxia and this was significantly decreased by 16% (p=0.02) under hypoxia, displaying a 20.6-fold increase over HD962 at 20% O~2~. The addition of cetuximab increased haNK serial killing 99-fold over HD962 at 20% oxygen and was not significantly decreased under 0% oxygen.

Differential gene and protein expression in HD NK and haNK cells is induced by acute hypoxia {#s3-5}
--------------------------------------------------------------------------------------------

Markers such as NKp44 and NKG2D are important with respect to activating NK cells.[@R38] Other markers related to lytic ability include lysosomal-associated membrane protein 1 (LAMP1; CD107a), required for perforin delivery[@R41] and protection from self-induced perforin damage,[@R42] as well as perforin and granzyme, both of which are involved in lysis of target cells.[@R39] We examined the effect that hypoxia has on the expression of these and other genes in HD NK and irradiated haNK cells. RNA was isolated from cells cultured at 20% and 0% oxygen for 5 hours and RNAseq was performed. With respect to genes involved in NK activation, lytic function and ADCC capabilities, much more marked changes were observed in HD NK compared with haNK cells ([figure 5A](#F5){ref-type="fig"}). Indeed, under acute hypoxia, expression of NKG2D, NKp44, CD16, perforin, LAMP1 and multiple granzyme genes decreased in HD NK cells while displaying only modest changes in haNK cells ([figure 5B](#F5){ref-type="fig"}).

![Differential gene and protein expression in healthy donor (HD) NK and high affinity natural killer (haNK) cells in response to hypoxia. HD NK and haNK cells were incubated in 20% or 0% oxygen for 5 hours at 37°C. RNA from two HD NK and haNK cells was extracted and RNAseq was performed in triplicate to analyze changes in gene expression in response to hypoxia. (A) Number of genes (and per cent) changed by \<20% or \>20% in HD NK and haNK cells. (B) Changes in RNA expression of genes important to NK cell function are presented as the ratio of the gene RNA transcripts per million (TPM) of expression under 0% O~2~ vs the 20% O~2~ in log2 space. (C) Number of proteins assayed and detected for both HD NK and haNK samples. (D) Diagram of proteins exclusive to HD NK or haNK cells as well as selected proteins shared between both cell types. Quantification of selected proteins is shown in (E). Each sample was run in triplicate and results are presented as mean±%coefficients of variation.](jitc-2019-000246f05){#F5}

Proteomic analysis was also done to identify hypoxia-related changes at the protein level. Of the 63 proteins assayed, 35 were not detected in any cell type. Four proteins were expressed in haNK but not NK cells (hENT1, RPM1, TOP2A, TUBB3), 3 were expressed in NK cells but not in haNK cells (CD8a, IDO1, SPARC) and 16 were expressed in both cell types ([figure 5C, D](#F5){ref-type="fig"}). The two proteins with the largest relative increases in expression under hypoxia in haNK cells were the DNA repair protein ERCC1 which increased by 19.2% (p=0.0009) and the chromatin-associated non-histone protein known as high-mobility group box 1 protein (HMGB1) which increased by 15.2% (p=0.0135). Expression levels of these proteins decreased under hypoxia in healthy NK cells ([figure 5E](#F5){ref-type="fig"}). Hypoxic expression values for methylated-DNA-protein-cysteine methyltransferase (a DNA repair protein) and guanylate binding protein 1 (GBP1, induced by interferon γ (IFNγ)) remained constant in haNK cells while decreasing in healthy NK cells.

Phospho-STAT3 reduces NK killing capacity {#s3-6}
-----------------------------------------

We used STRING analysis to determine relationships of proteins elucidated by the proteomic analysis.[@R29] Using selected proteins from [figure 5B](#F5){ref-type="fig"} as input, we created a STRING protein association network ([figure 6A](#F6){ref-type="fig"}). STAT3 emerged from this analysis connected to multiple proteins of interest. STAT3 has previously been reported to regulate multiple functions of NK activity, with activated (phosphorylated) STAT3 (pSTAT3) leading to decreased NK activity.[@R44] We next investigated pSTAT3 expression by flow cytometry on HD NK and haNK cells cultured under 20% or 0% oxygen ([figure 6B](#F6){ref-type="fig"}). While hypoxia led to increased STAT3 in both HD NK cells, haNK cells showed a slight decrease in STAT3. A twofold decrease in pSTAT3 protein expression in haNK under hypoxia was confirmed by western blot analysis while no change in total STAT3 was observed ([figure 6C](#F6){ref-type="fig"}). Finally, to pharmacologically recapitulate a hypoxic environment, we used an activator of STAT3 (colivelin[@R45]), which caused a 36% increase in pSTAT3 in haNK ([figure 6D](#F6){ref-type="fig"}). Pretreatment of haNK cells with colivelin ultimately led to haNK killing inhibition as demonstrated by a sixfold decrease in lysis of PC3 cells at 20% oxygen ([figure 6E](#F6){ref-type="fig"}), further confirming pSTAT3 in NK impairment under hypoxic conditions.

![Phospho-STAT3 (pSTAT3) reduces natural killer (NK) killing capacity. (A) STRING protein network depicting the connections between multiple proteins identified as having an important role in the NK and high affinity (ha)NK response to hypoxia. (B) Flow cytometry analysis of pSTAT3 in healthy donor (HD) NK cells and haNK cells incubated in 20% or 0% oxygen. (C) Capillary western blot analysis of total STAT3 and pSTAT3 in haNK cells incubated in 20% or 0% oxygen. Quantification of pSTAT3 normalized to vinculin loading control is given under each lane. (D) Western blot analysis of pSTAT3 in haNK following the addition of colivelin (100 µM), a pSTAT3 activator. (E) Per cent lysis of PC3 target cells by haNK cells with the addition of colivelin (100 µM). Cells were incubated for 5 hours at 20% or 0% oxygen at 37°C. \*P≤0.05 using Student's t-test.](jitc-2019-000246f06){#F6}

Discussion {#s4}
==========

It has been previously reported that hypoxia can impair NK function through mechanisms including, but not limited to, downregulation of CD16, NKG2D, perforin and granzyme.[@R34] As tumors often have very low levels of oxygen, reaching below 0.1%,[@R10] we investigated the effects of short-term hypoxia (at 0% oxygen) on HD NK as well as haNK cells, an NK cell line engineered to express IL-2 as well as a high affinity CD16 receptor.[@R20] Our studies confirmed previous findings that hypoxia does decrease NK function ([figures 2--4](#F2 F3 F4){ref-type="fig"}) and occurs with concomitant decreases in NKG2D and perforin expression ([table 1](#T1){ref-type="table"}) ([figure 5](#F5){ref-type="fig"}).

While it has been previously reported that ADCC was unaffected in HD NK cells under hypoxic conditions,[@R34] the studies reported here demonstrate significantly impaired NK ADCC under 0% oxygen ([figure 3](#F3){ref-type="fig"}). However, the aforementioned study was done at 1% oxygen with continuous IL-2 supplementation. IL-2 has been demonstrated to partially restore NK function under hypoxia[@R13] and could explain the enhanced NK function relative to our study, in which we did not supplement with IL-2. To this point, the haNK cells, with an internal, continuous supply of IL-2, do not display inhibited lytic or ADCC function under acute hypoxia. Additionally, there are significant differences observed in NK function between 0% and 1% oxygen ([figure 2](#F2){ref-type="fig"} inset).[@R46]

NK cells can kill multiple cells before becoming exhausted and losing function, a capability termed serial killing.[@R15] The studies here demonstrate a significant hypoxia-induced impairment of serial killing ability of HD NK ([figure 4C](#F4){ref-type="fig"}). haNK cells demonstrated a much more robust serial killing ability compared with HD NK that was greatly enhanced by the addition of cetuximab, which was not inhibited under 0% oxygen. Because NK cytotoxicity is largely mediated by granule release,[@R47] the enhanced serial killing abilities of haNK cells may be partially explained by the significantly higher perforin levels and their persistence in hypoxia ([figure 4A, B](#F4){ref-type="fig"}). Bhat and Watzl demonstrated the ability of IL-2 to restore the cytolytic ability of exhausted NK cells,[@R15] further implicating IL-2 in the resistance of haNK to hypoxia-induced impairment.

In order to assess genome-wide effects of hypoxia, RNAseq was done on samples from HD NK and haNK cells grown under 20% or 0% oxygen for 5 hours. Confirming results from flow cytometry analysis, perforin and NKG2D expression decreased under hypoxia in HD NK cells but displayed no change in haNK cells. Decreased CD16 expression only in HD NK cells could explain the differences in ADCC ability under hypoxia between HD NK and haNK cells. LAMP1 (also known as CD107a) expression was also decreased in HD NK but not haNK cells under hypoxia. LAMP1 is commonly used as a marker of degranulation,[@R48] but is also fundamental to the cytotoxicity of NK cells. Decreased LAMP1 expression leads to a disruption in perforin trafficking to lytic granules, which then hinders granzyme B delivery and associated cytotoxicity.[@R41] In general, haNK gene expression was altered significantly less in response to hypoxia compared with HD NK cells ([figure 5B](#F5){ref-type="fig"}), suggesting that haNK cells are less susceptible to hypoxia-induced alterations in gene expression.

Proteomic analysis revealed a more pronounced response of haNK cells to hypoxia. Under hypoxia, HMGB1 increased and GBP1 remained constant in comparison to protein quantities under normoxia. HMGB1 secretion may induce immune response; loss of HMGB1 expression correlated with reduced quantities of all immune effectors in the tumor and TME of breast cancer models.[@R49]

Using relevant genes and proteins we identified as differentially affected by hypoxia in HD NK and haNK cells as input, we performed STRING analysis.[@R29] This allowed us to visualize the connections involved in hypoxia responses and suggested other proteins which may be involved as well. STAT3 was identified as a nexus of the proteins critical to the haNK cell response to hypoxia. Our interrogation of the pSTAT3 demonstrated that unlike HD NK cells, haNK cells do not increase pSTAT3 under hypoxia. Conversely, they display decreased levels of pSTAT3 ([figure 6](#F6){ref-type="fig"}). We demonstrated decreased haNK killing in the presence of a STAT3 activator (which recapitulated the effects of hypoxia on HD NK cells), implicating pSTAT3 in NK impairment under hypoxic conditions.

In part, this can be attributed to hypoxia-inducible factor 1-alpha (HIF1α) regulation as STAT3 has been shown to bind the HIF1α promoter[@R50] as well as prolong the half-life of HIF1α in tumors by competing with phosphorylated von Hippel-Lindau for binding to HIF1α.[@R51] There is also some evidence of HIF1α regulation of STAT3.[@R52] Additionally, STAT3 and HIF1α cooperatively activate HIF1 target genes in MDA-MB-231 and RCC4 cells.[@R53]

As IL-2 appears to be integral to haNK cell resistance to hypoxia, it is reasonable to hypothesize that IL-2 influences STAT3 phosphorylation. Indeed, IL-2 has been previously shown to induce STAT3 phosphorylation in T cells[@R54] as well as an NK cell line.[@R55] However, haNK cells show a decrease in STAT3 phosphorylation in response to hypoxia. haNK cells have a continuous supply of IL-2 which is unaltered by hypoxia ([figure 1](#F1){ref-type="fig"}), hence there is likely an alternative mechanism of STAT3 phosphorylation which is not directly linked to IL-2.

We showed ([figure 6](#F6){ref-type="fig"}) that treatment of haNK cells with a STAT3 activator (colivelin) could recapitulate the effect of hypoxia in HD NK cells. This does not, however, confirm that colivelin exclusively mediated the phosphorylaiton of STAT3. While the exact mechanism of STAT3 activation in this setting needs further elucidation, it is apparent that decreased activation is favorable in relation to NK cell activity. Previous reports have demonstrated that the absence of total STAT3 in NK cells led to increased tumor killing by NK cells.[@R56] Interestingly, the NK cells lacking STAT3 had higher levels of perforin and granzyme as well as the activating receptor DNAM-1. Additionally, it has been shown that STAT3 activation in NK cells leads to decreased NKG2D, IFNγ and TNFα, all of which can lead to decreased cytotoxicity.[@R44]

Conclusions {#s5}
===========

In conclusion, the studies reported here show for the first time that haNK cells are resistant to hypoxia-induced functional suppression. haNK cells possess high levels of perforin which is unaffected by hypoxic conditions and likely bolsters haNK serial killing abilities compared with HD NK cells. haNK cells generally did not display changes in expression of genes and proteins essential to their function and cytolytic abilities (including granzyme, CD16 and NKG2D) while HD NK cells downregulated expression of many of these genes and proteins, suggesting a greater resistance to hypoxia-induced alterations in haNK cells. Finally, we have shown that pSTAT3 is reduced in haNK cells under hypoxic conditions while HD NK cells display increased activation of STAT3. This is integral to the performance and function of haNK cells as their killing ability was severely inhibited when pSTAT3 was experimentally increased. Taken together, our data show that IL-2 and STAT3 are fundamental to the resistance of haNK cells to hypoxia.

As a cancer therapeutic, X-irradiated haNK cells are promising as they maintain activity in hypoxic environments that would render normal NK cells exhausted and non-functional, and they avert the issues involved with systemic IL-2 treatment. The data presented here provide an additional mechanism of action for haNK cells, which are currently being evaluated in clinical trials for several tumor types.[@R22]
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